We study the role played by the magnetic dipole interaction in an atomic interferometer based on an alkali Bose-Einstein condensate with tunable scattering length. We tune the s-wave interaction to zero using a magnetic Feshbach resonance and measure the decoherence of the interferometer induced by the weak residual interaction between the magnetic dipoles of the atoms. We prove that with a proper choice of the scattering length it is possible to compensate for the dipolar interaction and extend the coherence time of the interferometer. We put in evidence the anisotropic character of the dipolar interaction by working with two different experimental configurations for which the minima of decoherence are achieved for a positive and a negative value of the scattering length, respectively. Our results are supported by a theoretical model we develop. This model indicates that the magnetic dipole interaction should not represent a serious source of decoherence in atom interferometers based on Bose-Einstein condensates. Atom-atom interactions represent a fundamental limit to the performance of atomic Bose Einstein condensate (BEC) interferometers [1, 2, 3, 4] . Atomic collisions lead to density-dependent shifts in the interferometric signal, severely compromising its visibility. In two recent works [5, 6] , the possibility to strongly reduce the interactioninduced decoherence in a trapped BEC interferometer has been demonstrated by tuning the s-wave scattering length a almost to zero via a magnetic Feshbach resonance. The tunability of a by magnetic means is possible for atoms with a non-vanishing magnetic dipole moment. Therefore, once the s-wave contact interaction is canceled by applying a proper external magnetic field, the magnetic dipole-dipole interaction (MDI) between the atoms remains as a possible source of decoherence for the interferometer. This aspect has been pointed out in [5, 6] , but both a theoretical analysis and an experimental study of the problem are still missing. The MDI generally does not play a role in experiments with ultra-cold quantum degenerate alkali atoms, where the small magnetic dipole moment µ is on the order of the Bohr magneton µ B and leads to a dipolar interaction energy E d < 0.01 · E s , with E s the s-wave contact interaction energy. So far, studies of the MDI in an ultra-cold gas have been possible mainly with Cr atoms [7] , characterized by a large magnetic dipole moment µ = 6µ B that leads to interaction energies E d 36 times larger than for alkali atoms. Evidence of MDI in a spinorial alkali BEC has been only recently reported in [8] .
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In this Letter we study the role played by the MDI in an interferometer where a BEC with weak tunable contact interaction is implemented [5] . We get evidence of the effect of dipolar interaction on the dephasing of the interferometric signal. The MDI is anisotropic and therefore the sign of its contribution to the interaction energy depends on the geometry of the system. We study in particular two different geometries for which the minimum of decoherence occurs for two different values of the contact interaction, one positive and the other negative. We develop a model that confirms that the minimum of the decoherence is obtained when the contact interaction partially compensates the MDI. The model indicates that the unavoidable MDI should not represent a seriously limiting source of decoherence in BEC-based atom interferometers.
For our studies we implement a Bloch oscillation interferometer [9, 10] . A trapped BEC of 39 K atoms [11] is loaded in a deep 1D optical lattice (OL) and an external force F ext along the lattice drives Bloch oscillations. We work with atoms in the absolute ground state |F = 1, M F = 1 where the magnetic dipole moment µ is parallel to the external magnetic field B that is applied to access Feshbach resonances. We can align the OL either along or orthogonal to B. Changing | B| around 350 G it is possible to finely tune a around a zero crossing [11, 12] . The scattering length can be controlled down to the level of 0.06 a 0 , where the MDI described by the two body potential
comes into play. In Eq.
(1)μ = µ/| µ| and r = | r| is the distance between the two interacting dipoles. Note that the effective dipole moment of 39 K atoms at 350G is µ= 0.95 µ B [14] . Due to a quasi 2D geometry of the optical potential in each lattice site, the on-site MDI depends on the orientation of | µ| with respect to the OL. When the dipoles are parallel to the OL (see Fig. 1a )), their mutual interaction within each site is mainly repulsive. A weaker but not negligible attractive contribution comes from dis- tant sites due to the long range character of the MDI. The non-uniform population over the OL leads to a non homogeneous positive mean field shift causing dephasing of the Bloch oscillations [5, 13] . A proper negative value of a reduces and flattens the interaction mean field shift, increasing the coherence time of the interferometer. In the other configuration, for dipoles orthogonal to the OL (see Fig. 1b ), the on site MDI is mainly attractive, the inter sites MDI is slightly repulsive and a proper positive value of a minimizes the decoherence. In a Bloch oscillation interferometer decoherence manifests itself in a linear increase of the square root of the variance of the atomic momentum distribution as a function of the Bloch oscillations time t osc . It is possible to determine a rate of decoherence from a single measurement of the normalized momentum variance taken at large t osc [5] . Experimentally we measure the momentum distribution by releasing the BEC from the OL and by performing absorption imaging of the atomic density after an expansion of 12 ms. The experimental parameters chosen for the measurement of the decoherence rate in the two configurations are listed below. For the OL B, we implement a BEC of 4 × 10 4 atoms initially trapped in a harmonic trap with (ν x , ν y , ν z ) = (76, 44, 43)Hz. Before starting Bloch oscillations a is adiabatically tuned to 3 a 0 . The OL has ν x = ν y = 44Hz and a depth sE r , where s = 6,
is the recoil energy, k L = 2π/λ is the laser wavevector (λ = 1032 nm) and m is the atomic mass. In this configuration F ext is the gravitational force. Right after the start of Bloch oscillations, triggered by the switching off of the harmonic trap, a is tuned to a final value around the zero-crossing by tuning the magnetic field. The minimum of decoherence is found at B ⊥ =(349.94 ± 0.02 ± 0.1) G (Fig.2, circles) (the first uncertainty is statistical, the second one is systematic and comes from the uncertainty in the calibration of the external magnetic field). For the OL ⊥ B, Bloch oscillations are driven by a spurious magnetic field gradient generated by the Feshbach coils and the resultant force on the atoms is six times smaller than gravity. For this measurement we use initial trapping frequencies of (99, 45, 109) Hz, a radial lattice confinement ν x = ν z = 99 Hz, t osc = 300 ms, λ = 1064 nm and an average atom number of 2.5 × 10 4 . Results are shown in Fig. 2 (squares) . The minimum of decoherence occurs for a different value of | B|, i.e. B =(350.59 ± 0.02 ± 0.1) G. Our knowledge of the zero-crossing location (B zc = 350.4 ± 0.4 G) is based on Feshbach spectroscopy analysis [12] . Despite this relatively large uncertainty, one notes that the two minima of decoherence sit on the left and on the right of 350.4 G respectively, in accordance with the qualitative explanation presented above.
For a ore quantitative analysis of our findings we have developed a simple theoretical model to describe Bloch oscillations in the presence of the MDI and a weak contact interaction. At sufficiently low interaction strength our system can be described by a non-local non-linear Schrödinger equation (NLSE) of the form
where
2 /2 describes the transversal harmonic trapping confinement and g = 4π 2 a/m. In order to study the two experimental configurations, we fix for simplicity the direction of the lattice alongẑ and change the orientationμ of the dipoles. When the lattice depth is sufficiently large, we can implement a tight-binding model. In particular we consider situations where the total interaction energy is much smaller than sE r and ω ⊥ . Therefore we write Ψ( r, t)
where φ(ρ) = e (2) and integrating out the spatial coordinates we obtain the discrete NLSE
where the five terms on the right are consecutively the tunneling energy, the potential energy due to the external force, the on-site contact interaction term, the on-site MDI term and the inter-site MDI term. In particular
where c = 1 − l 2 /l 2 ⊥ and where ξ = (3(μ ·ẑ) 2 − 1)/2 is a geometric factor taking into account the orientation of the dipolesμ with respect to the lattice directionẑ, and
where Note that Eq. (5) can be obtained by setting δ = 0 in Eq.
. The on-site dipole-dipole interaction energy may be re-absorbed in the contact term by defining an effective scattering length a ef f such that U c (a)+U dd j,j = U c (a ef f ). As a consequence, the on-site interaction energy does not vanish at a = 0, but at a finite valueā such that a ef f = 0. By equating the contact and on-site dipole-dipole interaction energy we obtain
In the case of 39 K we have mµ 0 µ 2 /(4π 2 ) = 0.85 a 0 . Using the parameters of our experimental setup we obtainā = −0.52 a 0 for OL B (ξ = 1) andā = 0.24 a 0 for OL ⊥ B (ξ = −1/2). It is then clear that, if we neglect the inter-site MDI, the minima of decoherence for the two lattice configurations would be separated by (0.24-(-0.52))a 0 =0.76 a 0 . To compare theoretical predictions with the experiment we need only to know the a(| B|) dependence around the zero crossing, which is known at the percent level. This is a(| B|) = a bg · (| B| − B zc )/∆, where a bg is the background scattering length of K and ∆ the width of the Feshbach resonance we employ [5] . Using the measured values given above, we can calculate (B − B ⊥ ) · a bg /∆ and find (0.36 ± 0.1)a 0 , clearly not in agreement with the prediction above that takes into account only the on-site MDI. Solving the complete Eq. (3) we find instead that the contribution of the intersite dipolar coupling is definitely not negligible, and the minima of decoherence are achieved for a=-0.32 a 0 and a=0.11 a 0 for the OL B and the OL ⊥ B respectively, with a consequent separation of 0.43 a 0 . The agreement with the experiment is now much better, showing the necessity of including the iter-site MDI in the model.
To get a deeper insight into the role played by the longrange character of the dipolar interaction, we plot in Fig.  3a the values of the on-site MDI N U dd j,j |ψ j | 2 and the values of the inter-sites MDI N δ =0 U dd j,j+δ |ψ j+δ | 2 for the configuration OL B. The inter-site MDI is attractive, in agreement with the qualitative analysis of Eq.1 above, and of the same order of magnitude as the on-site MDI. In Fig. 3 b) we plot the total interaction energy for three cases: a = 0, where the residual energy is the total MDI energy; a =ā = −0.52 a 0 , where the on-site MDI is perfectly canceled, and the residual energy is due to the inter-sites MDI; a = −0.32 a 0 , i.e. the value that minimizes the decoherence. Note how a perfect cancelation of the interaction energy is not possible due to the different profiles of the curves in Fig. 3 a) , and that the minimum of the decoherence is achieved not when the total interaction energy is averaged to zero, but when its variance is minimized. The partial compensation of the dipolar interaction with the contact interaction allows a reduction of the decoherence rate of our alkali-based interferometer. The model predicts a decoherence rate of 1 Hz for a=0 and a residual rate of 0.05 Hz on the minima due to the uncompensated dipolar interaction. Unfortunately we cannot test this prediction because technical noise in our apparatus is presently one order of magnitude larger than this. We plan to study this fundamental limit to the interferometer's coherence with an optimized apparatus in the near future. A higher sensitivity to interactioninduced decoherence would also allow the verification of the presence of second order effects that cannot be taken into account by our simple model such as dipolar-induced dynamical instabilities [15, 16] . Note that our model predicts the possibility of completely canceling the dipolar interaction by choosing a "magic angle" θ = 54.7
• between the dipoles and the lattice axis for which ξ = 0 [17] . A comparison of the differential measurement we have performed with the theoretical prediction can also be used to determine with better accuracy the magneticfield position of the zero-crossing as B zc = (350.4 ± 0.1) G. This value is however in perfect agreement with the previous determination by Feshbach spectroscopy [12] .
In conclusion, we have detected and studied the role of the magnetic dipolar interaction (MDI) in a BEC-based atom interferometer. We have shown that MDI-induced decoherence can be suppressed by a proper choice of the scattering length. We have proved that the interferometer is sensitive to the MDI between different lattice sites. Our work constitutes a further step towards the realization of a high sensitivity interferometer employing a BEC with tunable interactions.
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